Discovery of the Higgs boson and the subsequent study of its properties is one of the main physics goals of the LHC. Invisible decay mode of the Higgs boson is an interesting possibility in several scenarios of Beyond Standard Model physics. The search strategy for an invisible Higgs boson, produced in Vector Boson Fusion process, has been studied in detail, alongwith backgrounds. For this purpose CMS official datasets as well as privately generated huge amount of QCD jet events have been used. Starting with a dedicated trigger path, the analysis chain of background reduction is discussed. In cut based analysis, QCD background is found to be overwhelming. The study shows that with an integrated luminosity of 1 fb −1 , only a poor signal significance can be achieved for the observation of Higgs boson of mass 120 GeV in the invisible decay mode. With data corresponding to 10 fb −1 , an upper limit of 36% on the branching ratio can be explored. The situation improves with 30 fb −1 and a branching fraction, as low as 21%, can be probed. a) On leave from ITEP, Moscow
Introduction
Search for the Higgs boson is one of the main physics goals at LHC which is capable of producing it for the entire allowed mass range in the Standard Model (SM). In the absence of any direct hint for the nature of physics at TeV energy scale, the search of which is the other main physics motivation of LHC, there are various phenomenological scenarios depicting a host of interesting observables at LHC. Invisible decay mode of the Higgs boson is a possibility in several such New Physics models, like, when the Higgs boson decays to a pair of Majorons [1] . In general, in models of dark matter with a stable singlet scalar, the Higgs boson can decay invisibly. Indirect hint of experimental measurements indicates a reasonably low-mass Higgs boson (m H ≤ 250 GeV). In several scenarios, like, in models of 4th generation neutrino [2] , the branching fraction to the invisible decay mode is dominant in the low-mass range before the decay mode of the Higgs boson to the pair of vector bosons open up.
In models for large extra dimensions [3] , the Higgs boson can mix with the graviscalar which escapes the detector. It is also possible that the Higgs boson decays to Kaluza-Klein neutrinos [4] , which are allowed to propagate in the bulk. If the Higgs boson mass is less than about 160 GeV, the decay width to the Standard Model particles is quite low. But in such cases the invisible decay width can be significantly large. In SuperSymmetric models [5] the Higgs boson can decay to a pair of lightest neutralinos when the unification constraint at GUT scale is removed. Otherwise, in R-parity violating scenarios, the decay to a neutrino and neutralino is even possible when the Higgs boson can mix with the sneutrino.
Experimental discovery of an Invisible Higgs boson does not entail reconstruction of the mass peak, rather it requires significant excess in the number of observed events over expected backgrounds in the distributions for characteristic observables. This analysis is model independant. In our study of the Invisible Higgs boson, we have assumed SM production cross-section and an invisible branching fraction of 100%. Consequently, the results can be scaled for a non-SM Higgs boson production rate as well as partly-visible decay branching fractions. Thus the signal rate S is scaled by the production rate and the invisible branching fraction Br inv :
where S 0 = signal rate from the studies, σ σ SM is the ratio of the non-standard production cross-section to that of the SM Higgs boson, and BR inv is the invisible decay mode branching fraction. Thus if we ignore the systematics and assume that SM is the only source of background, the required luminosity for a given signal significance scales as follows:
where L 0 is the required luminosity for a given significance found in the studies. Indeed, in the scenarios with invisible Higgs boson, there will be Non SM processes which pose as background to the search. In the present study we have not considered such possibilities.
Signal Characteristics
Since, the Higgs boson decays invisibly, detection of the event where the Higgs boson is the only final state particle, is difficult. To identify the event, the accompanying final state particles have to be utilised. Thus the dominant production process at LHC, gluon-gluon fusion, is not suitable for invisible Higgs boson search. The associated production processes have comparatively much lower rates. The Vector Boson Fusion (VBF) process,→ qqH, as shown in the cartoon of Fig. 1 , left is best suited since it has the second largest rate as shown in Fig. 1 , right plot. The topological properties of the events can be conveniently utilised to control backgrounds as pointed out in [6] . The initial state quarks, after emitting a vector boson each, mostly tend to continue in the original direction resulting in 2 jets with large rapidity gap. Thus the event can be triggered by the forward and backward jets satisfying topological criteria. It has to be also noted that the QCD corrections to VBF process is only moderate (10%) which makes the theoretical systematics in the search to be less significant.
Typical kinematic distributions for the Higgs boson, in the signal VBF channel, are displayed in Fig. 2 which are obtained from standard generator package. It is interesting to note the natural difference in the plots for rapidity and pseudorapidity variables for the massive Higgs boson. The transverse momentum of the leading quarks as well as their pseudorapidity distributions are shown in Fig. 3 . It shows that the quarks accompanying the Higgs boson are moving either in the forward or in the backward direction. The leading quarks have moderate transverse momentum and they are in opposite hemispheres. As expected, they do not have colour-connection with each other. Furthermore, since the Higgs boson is decaying invisibly, there is not much hadronic activity in the intermediate region between the quarks. On the other hand, the quarks carry large energy. The derived variables utilizing these facts, the pseudorapidity gap between the quarks and their invariant masses are displayed in Fig. 4 . The missing transverse energy in the event, E / T , is moderate and the distribution overlaps with that from QCD multijet events as will be discussed later. Another important feature of the signal event is that the quarks are not always back to back in the transverse plane since they are balancing the heavy Higgs. This is evident from the ∆φ distribution between the leading quarks as shown in Fig. 5 .
Based on these characteristics, a set of requirements to select events for enhancing signal to background ratio have been proposed as VBF selections in [6] which are as follows:
4. M 12 > 1200 GeV where 1, 2 refer to the final state quarks and can be extrapolated to reconstructed leading jets in the final state. Details about event generation, simulation and reconstruction are given in subsequent sections. An earlier study [7] , based on these criteria, showed the feasibility of CMS experiment to put a lower limit on the invisible mode branching ratio as a function of Higgs boson mass, assuming SM production rate. However, the background due to inclusive top-pair production, which has large rate, was not considered earlier.
Potential backgrounds
Since the signal event contains essentially only 2 jets, various SM processes with 2 identified jets (and no visible lepton) in the final state can pose as potential background due to higher intrinsic rates compared to the Higgs boson production rate (eg. for a Higgs boson of mass 140 GeV/c 2 the SM production cross-section in VBF mode is O (pb). The most important backgrounds with large production rates at LHC, O (nb), could be classified as (it will be good to give the full rate, from a reliable source): 2. Z + jets, with Z → νν 3. QCD multi-jet events 4. inclusive tt production For processes 1 and 2, the jets can be produced either due to QCD or due to Electroweak interaction as depicted in Fig. 6 and Fig. 7 respectively. Potentially, the New Physics causing the Invisible decay of the Higgs boson may also give rise to other processes, consistent within the same model, which may mimic the signal signatures. But other than SUSY, no other BSM scenario has complete kinematic prescription for such possibilities. With current experimental bounds on the squark, gluino masses, for SUSY processes the final states are likely to have busy event topology due to the heavy masses involved. The signal event with only 2 forward and backward jets stand in strong contrast with those. Hence the survival rate of SUSY processes to pass all of our selection criteria, as discussed below, is taken to be negligible.
Monte Carlo Samples
Various event generator packages have been used to generate signal and background events according to CMS convention, as detailed below. Subsequently, the events have been simulated with CMS software version CMSSW-1-4-X or higher, digitised and reconstructed with CMS software version CMSSW-1-6-7, mostly. This exercise is part of CSA07 activity and has been handled by CMS official production team. We have following events sample 1. Signal events have been generated with PYTHIA 6.4 Monte Carlo Generator package [8] using subprocess→ qqH (ISUB = 121). Default Parton Density Function, CTEQ5L has been used. Signal MC data sets have been made for various Higgs boson masses 120, 140, 160 GeV.
2. Events of type W(→ ν) + exclusive 2 jets, W(→ ν) + inclusive 3 jets and Z (→ νν) + exclusive 2 and Z (→ νν) + inclusive 3 jets are generated with ALPGEN package [9] , which uses matrix element calculations for the hard scattering. Here, refers to electron , muon and tau. To utilise total computing power efficiently, at the generator level following conditions were required to be satisfied by the final state partons: |η 1 |, |η 2 | < 5, ∆η 12 > 2, M 12 > 300 GeV. We refer to these as loose VBF selection.
Subsequently, the hard-process information is fed into Pythia for hadronisation and showering. The parameters for jet-parton matching are, according to M.Mangano's prescrition: E clus T = 20 GeV, R clus = 0.5 and η clmax = 5.0.
The cross-section values as obtained from Alpgen, after putting above requirements on the events are presented in Table 1 and Table 2 . Since the events are first generated with weights, to be unweighted subsequently, we also present the event-unweighting factor times matching efficiency for various channels. The final no. of events actually generated in different channels as well as the scaling factor corresponding to a luminosity of 1 fb −1 is given in Table 4. 3. Inclusive tt event sample was generated using MC@NLO [10] where the W is allowed to decay to all leptonic modes. The NLO cross-section value is 840 pb.
4. QCD multijet events are very severe backrounds in this study, mimicing the signal when two jets satisfy VBF condition and have large E / T due to decay of heavy quarks or detector effects. During offline analysis with fully simulated QCD events, it was found that E / T value is reasonably high in higherp t bins. So the requirement of E / T ≥ 100 GeV is effective to reject QCD events mostly in lowerp t bins compared to those from higherp t bins. On the contrary, the ∆η jj criteria has reverse effect.
In general, the QCD jet events, which are expected to be recorded in CMS detector, have a huge rate, O(mb), in the lowest transverse momentum range of final state partons (p t ≥ 15 GeV) and varies over 9 orders of magnitude forp t ∼1200 GeV. Though various selections are devised to reduce this background drastically, these events need to be generated in sufficient number to account for the rate. The statistics for officially produced fully simulated sample is not enough and hence Fast Simulation method has been adopted. A total of about 1500 Million QCD events have been privately produced using Pythia in Fast Simulation version of CMSSW-1-6-12, classified according to variousp t bins (same binning as for full simulation) with help of Wisconsin CMS-Tier2 Grid computers. To estimate the severity of this QCD background realistically, nine contiguousp t bins with values ranging from 20-30, 30-50, 50-70, 70-100, 100-150, 150-250, 250-400, 400-600, 600-800, 800-1200 GeV has been considered as shown in Table 3 . To control the required storage space for subsequent analysis a filter has been used immediately after the event reconstruction, before any calibration for jet transverse energy or Missing Transverse Energy. The following conditions, where j1 and j2 refer to the leading jets reconstructed with iterative cone algorithm of cone size 0.5, are required to be satisfied:
This treatment is special for QCD events, to reduce the amount of data which really need to be stored for further studies. The cross-section and filter efficiency for variousp t bins is shown in Table 3 . As expected, for higherp t bins, the production rate decreases, but, the event acceptance increases.
Jet Multiplicity cross-section (pb) Unweighting × Matching Efficiency Events expected in 1 fb Table 4 : Cross-section of signal and background processes after preselection, the number of events analysed after reconstruction process and the actual luminosity they correspond to.
Analysis Objects
Event informations are stored in terms of standard reconstructed objects from CMSSW version 1-6-12, as avaialable in the AOD format. The main objects that were used in the analysis are described below.
Leptons
The standard collection of pixelMatchGsfElectrons was used for reconstructed electrons [12] . The electron candidates were required to pass the standard cut-based identification with the thresholds defined for selecting the robust type of electrons. Electrons are required to be isolated in the tracking detector as described in [13] . The track isolation is defined as (
02, where the sum run over all CTF tracks with (p T ) track ≥ 1.5 GeV, within an η × φ annular isolation cone centered on the reconstructed electron. The cone has limits, 0.02 < ∆R < 0.6, ∆R = ∆η 2 + ∆φ 2 . The electron candidates are required to be within ECAL fiducial region (|η| ≤ 2.5, excluding the Barrel-Endcap transition region 1.479 ≥ |η| ≤ 1.673).
For muon candidates standard collection muons was used as described in [14] . The tracker isolation in this case is defined as p T ≤ 3 GeV, where the sum runs over all CTF tracks within cone of ∆R = 0.3 [15] . Muon candidate are required to have |η| ≤ 2.1.
Jets
The jets used in this analysis were resonstructed using the calorimetric towers with iterative cone algorithm for a cone size of 0.5 in the (η × φ) plane as described in [16] . The reconstructed jets are corrected with "MCJetCorrection" method taking into account L2 relative correction (ie., correction for η dependence) and L3 absolute correction (ie., correction for p T dependence). The jet reconstruction efficiency versus p T and η of the generator level jets are shown in Fig. 8 , where the generator level jets are reconstructed from MC generated particles with Iterative Cone algorithm for a cone size of 0.5. The generated jets with p T > 20 GeV are matched with reconstructed jets within cone size of 0.3 . As can be seen in Fig. 8 , the value of pT rec /pT gen or the Jet Energy Scale (JES) is not equal to one, since the "MCJetCorrection" is mainly obtained using gluon jets and in our case it is applied mainly on quark jets. 
Missing Transverse Energy (E / T )
The standard collection met was used for accessing Missing Transverse Energy in the event, E / T which is calculated using calorimetric informations only. "Type1 correction" [16] is applied whereby L2 and L3 jet energy corrections are used for jets with uncorrected jet E T > 20 GeV and electromagnetic energy fraction less than 0.9.
In this study E / T is not corrected for muons. The 6 Events Selection
Trigger Selection
The events were selected on-line by the CMS Level-1(L1) and High-Level (HLT) trigger conditions as described in [11] . At L1, the requirement is E / T above 30 GeV named as L1S2jetVBFMET. At HLT, the path HLTvbf2jetMET trigger, demands the event to have E / T ≥ 60 GeV and 2 jets satisfying selection of VBF criteria.
The trigger efficiency for signal (different masses) and various backgrounds sample shown in Table 5 . For QCD events, use of trigger condition is not possible because these were not implemented in Fast Simulation package of CMSSW-1-6-X series. The trigger rate at HLT is estimated to be about 0.2 Hz for QCD events. The HLT condition has been subsequently modified for later verison of CMSSW with ∆η jj > 2.5, whereby the signal efficiency increases, but the background rate is not affected too much. 
Offline Selection
At offline, only triggered events satisfying the above criteria are considered. The events are required to satisfy the following conditions sequentially, based on analysis objects, during off-line analysis.
Lepton veto:
An event is rejected if it contains any isolated electron with p T > 10 GeV and |η| < 2.5 (excluding the ECAL Barrel-Endcap transition region) or a muon with p T > 5 GeV and |η| < 2.1.
VBF Condition on jets:
As discussed before, for signal events, leading jets are mostly in forward-backward region whereas this is not the case for backgrounds. Fig. 10 , left plot shows the η distribution of the tagging jets for W+jets, Z+jets and tt backgrounds while the right plot shows the ∆η distributions between the leading jets in these events. The variables for signal events are also shown on the same plots. Similar distributions are presented in Fig. 11 for QCD multijets events due to differentp T bins, again superposed with signal events. These tagging jets have large rapidity gap in case of signal events whereas for Z/W + jets, tt and QCD events with higherp T bins have comparetively small rapidity gap.
Further, the tagging jets in signal events have large invariant mass as shown in Fig. 12 , left, superposed with the invariant mass distributions from W+jets, Z+jets and tt events. Fig. 12 , right, shows the same variables for QCD events from higherp T bins and the signal events. Based on these distributions the events are selected which satisfy the following VBF condition defined as:
The signal events are expected to have reasonably moderate amount of E / T because of invisible decay of the Higgs boson, whereas backgrounds like QCD jets (mainly from lowerp T -bins), W + jets, Z + jets and inclusive tt events have comparatively lower amount of E / T . This is illustrated in Fig. 13 . After applying VBF conditions as metioned above, E / T is plotted for various channels in Fig. 14.
Events are selected if the corrected E / T in the event is above 100 GeV.
Central Jet Veto (CJV):
For the signal events there is no color exchange between the outgoing quarks and the Higgs boson decays invisibly, therefore we expect less hadronic activity in the region between the tagging jets in case of the signal. Fig. 15 shows uncorrected transverse energy of any additional jet excluding the tagging jets. The left figure is for signal and W + jets, Z + jets and tt events and the right one is for QCD events superposed with signal events. Applying a veto on events with any additional jet above a detectatble energy threshold is aimed to reduce the rates of all these background channels while keeping a high signal efficiency. 
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Figure 11: Pseudorapidity distribution of the leading 2 jets and the pseudorapidity gap in signal and QCD background (differentp t bins) events. QCD events do not pass through trigger condition. A variable which essentially signifies the hadronic activity in the rapidity gap between the tagging jets, as prescribed by Zeppenfeld et.al. [18] , is defined as η 3rd − (η jmin + η jmax )/2 where η jmin and η jmax are the minimum and maximum pseudorapidities of two leading jets. The distribution for the Zeppenfeld variable is shown in Fig. 16 . Thus events with a 3rd jet are rejected which satisfy:
Fig . 17 shows signal vs. background selection efficiencies in case of Z + jets events in left plot, W + jets events in right plot, for different E T threshold values on the 3rd jet. Using uncorrected E T (thres) = 15 GeV gives 79% signal selection efficiency whereas selection efficiency for W + jets and Z + jets are 26% and 35% respectively. 5. At this stage the background rate due QCD jets is found to be still quite enormous. Hence we utilize a jet energy based variable, named as NV and introduced by CMS-SUSY Group, is defind as [19] :
where E miss T is uncorrected missing transverse energy calculated from all calorimetric towers and E can be related to the jet energy resolution of the second jet with respect to the first jet, assuming high p T jets.
Ideally, N V will be 0 for QCD di-jet events and positive for events which have real missing energy like in our case of Invisible Higgs. However, because of hard gluon radiations produced in the fragmentation of the primary partons, the jet algorithm may reconstruct additional jet depending on the broadness of the partonic jet, and thus affecting the naive picture of N V variable. Depending on how partonic jets are affected, the difference between the two most energetic jets will vary. If hard gluon radiation is pre-dominant in one of the jets, it will cause the E j1 T − E j2 T to be large. On the other hand, since E miss T is measured taking into account all calorimeter towers (and consequently all jets), it will be less sensitive to this effect, and hence, leading to a negative N V value. Detailed study of this variable is discussed in [19] .
In this analysis, N V variable is found to be very useful for discriminating QCD events against signal as shown in Fig. 18 . Events are required to have N V ≥ 4.
6. Fig. 19 displays the angle between the tagging jets in the transverse plane (∆Φ jj ) for reconstructed signal and W + jets, Z + jets, inclusive tt and QCD jet events. As expected, for most of the background events the jets are back-to-back corresponding to ∆Φ jj ∼ π rad. This feature is gradually enhanced after the requirements of lepton veto, VBF condition E / T ≥ 100 GeV and CJV conditions. The resulting plots are presented in Fig. 20 and Fig. 21 .
It may be noted from the figures that for small values of ∆Φ jj the signal-to-background ratio is larger compared to higher values of ∆Φ jj . Importantly, the N V requirement hardly affects our signal region (∆Φ jj < 1.5 rad.) which is clear from Fig. 22 .
Finally, events are selected in the range ∆Φ jj ≤ 1.5 rad. 
Results on Higgs Boson Signal and Backgrounds

Signal events
The detailed breakup of efficiency (both individual and cumulative) corresponding to different selections and the final number of events expected for an integrated lumonosity of 1 fb −1 is presented for only one mass value, m H = 140 GeV. Table 6 and Table 7 correspond to signal and Z/W + jets and inclusive tt background events. Table 8 and Table 9 correspond to similar informations for QCD events. In Table 11 results for various Higgs mass values are presented. It is found that result for lower Higgs mass is more significant.
The statistical uncertainty is defined as
where N sel is the number of events finally selected. After all selection the actual number of signal events, before being normalised to a luminosity of 1 fb −1 being 529, the statistical uncertainty is 4.3%.
Z/W + jets and inclusive tt events
The absolute and cumulative selection efficiencies for signal and background events (Z/W + jets and tt) at various stages of selection are presented in Table 6 . Lepton veto condition, applied at the early stage of selection, definitely helps in reducing the W+jets and tt backgrounds. For W (→ e, µ) + jets background, the selection efficiency of lepton veto is about 53%. Such a high efficiency is obtained due to the fact that about 50% of the events have lepton outside the detector acceptance at generator level as shown in Fig. 23 . However, overall lepton veto efficiency, including W → τ ν mode is about 66%. This rise in lepton veto efficiency is due to the fact that the leptonic decay of tau produce too soft ad electron or a muon to be filtered out by the applied condition. In the final selected sample out of a total 79 W+jets events, 10, 40 and 29 events are found to be due to the decays of types W → eν, W → µν and W → τ ν respectively. The sharp rise in the pseudorapidity distribution for the leptons in the W-decay accounts for very different numbers for electron and muon type, which have different acceptance cuts. No τ -jet veto has been applied since we assume that events with τ -jets will be killed by Central Jet Veto (CJV) condition and if needed even tau-tagging method can be used. For reducing the contribution from tt events, again it is felt thatCJV requirement is sufficient to remove a very good fraction and there is no need to use additional b-jet veto condition at this point. Table 7 shows the estimated cross-section, in fb, at each stage of selection.
QCD
The selection efficiencies (absolute and cummulative) of QCD background in variousp t -bins at various stages of selection is presented in Table 8 . VBF cut is effective for low and high Q 2 QCD events as clear from Fig. 24 . For low Q 2 events M jj cut is more effective whereas for high Q 2 QCD events ∆η have good rejection power. It is found that QCD events from lowerp t bins (which have huge cross-section) produce lower E / T value. So E / T cut remove most of the events from lowp t bins. This is also clear from the Fig. 24 . There is also a rise in the efficiency for E / T requirement for low Q 2 event i.e. belowp t bin 70-100 GeV, which may be due to the fact that jets from lowerp t bins are mostly in forward-backward region; therefore, the possibility of missing jets due to dectector acceptance increase. This leads to high E / T tail. CJV condition definitely helps in reducing the QCD events by about 80% because there is lot of hadronic activity in the central region. Table 9 shows the estimated cross-section, in fb, at different stages of selection.
It is to be noted that inspite of generating a total of 1574 million events, a staggering number, the scale factor for the lowerp t bins are very large and the statistical uncertainty in the number of finally selected events are also very large, sometimes even 100%.
From Tables 8 and 9 , efficiency of some of the selection criteria increses withp t bin, where the trend is reverse for the others. For the lowestp t bin considered, the selection criteria based on variables N V and ∆Φ jj are ineffective. This combined with very high scaling factor to account for the statistics, result in very large number of events in the finally selected sample. 
Estimation of Systematic Uncertainties
Systematic uncertainties due to jet energy scale (JES)
The uncertainty due to the JES has been studied by varying the corrected energy of all the jets with |η| < 5 by ±7% [17] . The relative uncertainty due to JES is calculated as ( max − min )/2 , where is the efficiency after all the selection cuts applied. The uncertainty due to JES on siganl events is estimated to be 14.54%. The uncertainty due to the JES is also studied for change in the JES by 5, 7 and 10 %. The results are shown in 
Systematic uncertainties due to E / T scale
The uncertainty due to the E / T scale has been studied by simultaneously varying the uncorrected E / T by ± 10% [20] and corrected energy of jets by a given amount (± 5, 7 and 10 %) as formulated in the equation below:
T(x,y) ) where α calo = α jet =1 when there is no uncertainty. The α calo was varied to ± 10% and α jet was varied to ± 7%. The relative uncertainty due to E / T is calculated as ( max − min )/2 . The resulting uncertainty on signal events is given in Table 10 .
Uncertainty in JES (%) 5 7 10 Systematic Uncertainty due to JES per jet (%) 10.87 14.54 22.51 Systematic Uncertainty due to E / T scale (%) 9.21 9.54 10.37 Table 10 : Systematic uncertainty with respect to the variations in the uncertainty of the jet energy scale and E / T scale.
Determination of Signal Significance
The signal significance is calculated using the final numbers of selected samples for signal and background samples as given in Table 7 and Table 9 . For 1 fb −1 of accumulated luminosity, the number of signal events for a Higgs boson of mass 140 GeV is 101 and the total number of background events in the selected sample is about 5997. In this case, the S/ √ B value is estimated to be 1.30. Finally, we calculate the signal significance, Scp = Sc12, assuming 5% unceratinty in background estimation. For a Higgs boson of mass 140 GeV, the value of Scp = Sc12 is determined to be 0.35, which is expected to improve with data of higher integrated luminosity. For a lower mass of 120 GeV, Sc12 value is better, 0.35 and for higher mass of 160 GeV, it is a bit worse, 0.31 only. In Table 11 
Discovery Potential
In order to estimate the CMS potential to discover invisible Higgs, the best way is to provide the experimentally measured number which can be related to any scenario of Beyond Standard Model physics (BSM) which envisages an invisibly decaying Higgs. In this regard the model-independent variable ξ 2 is defined as:
where the first term is the decay branching fraction of the Higgs boson to invisible mode, in case it is only partial and the second term is a factor which takes into account the production rate of an invisible Higgs boson in any BSM scenario, scaled by the rate of SM WBF process, which is the default assumption in the analysis presented. Thus if the σ BSM = σ SM , then ξ 2 is equivalent to the branching fraction Br. The Table 12 shows the maximum ξ 2 values which can be probed, at 95% CL, for an integrated luminosity of 10 fb −1 and 30 fb −1 , as a function of Higgs boson mass. The signal significance being very poor at 1 fb −1 , no sensible value for ξ 2 could be obtained. However, as expected with higher accumulated luminosity the reachable ξ 2 value is lower implying that signal can be observed even for lower branching fraction for a given production model at a fixed Higgs boson mass. The dependence of ξ 2 parameter as a function of Higgs mass shown in Fig 25for different values of integrated luminosity. It is very likely that due to different couplings, the production cross-section for an invisibly decaying Higgs will differ from that of SM cross-section. Assuming that the background is only due to SM processes, the signal significance can be determined as a function of required luminosity having determined the ξ 2 value at given luminosity using the formula:
Thus, assuming σ BSM = σ SM , for Higgs mass values of 120 GeV, 140 GeV and 160 GeV, the required luminosity is about 5.12 fb 
Methods for Background Determination from Data
The discovery of the invisible decay mode of the Higgs boson is essentially an event counting analysis for which precise estimation of individual background rates is indespensible. During the early phase of LHC all the SM processes, in particular the standard candles, like W and Z events will be measured accurately. With few tens of pb −1 of data, Z / W + njets background events are expected to be determined accurately, where n ≤ 3 using Z → and W → ν modes, where = e, µ, τ . Since the branching ratios of Z and W are well measured, the rate of the process Z → νν + jets events can be easily estimated. Subsequently the fraction of W /Z + jets events which are likely to pass the VBF criteria and other selections can be obtained from data.
The measurement of the ratio of the cross-section for W production at LHC to that for Z is again one of the first physics topics to be studied in CMS experiment. From this ratio and knowing the rate for Z + 2 jets background, we expect to determine the rate for W + 2 jets events.
For the QCD events, we are at present limited by the statistics of the simulated sample which will not be an issue with real data. Hence it is expected that with an inetgrated luminosity of less than 1 fb −1 , the CMS experiment will be able to estimate the shape E / T distribution in QCD events quite well, assuming that the jet-energy scale and as well as other calibrations can be established by that time. The expectation of removing all the QCD background remains to be tested only with real data. Once the basic measurements are mature enough, multi-variate analysis is expected to do much better for searches like in our case.
Estimation of Z → νν + jets using Z → µµ + jets process
As discussed above, Z → + jets can be used for background estimation of Z → νν + jets. The difference between the two processes is that of the detector acceptance, since the branching ratios are very well determined already. Z → µµ + jets is the most suitable of all as the muon reconstruction is very good in CMS experiment. For the Z peak reconstruction the condition used are as follows ( [15] ).
1. Events with two highest p T muons (p T > 20 GeV) with opposite charges within detector acceptance of |η| < 2.1 are selected.
2. The muons should be isolated in the tracker.
3. Events are considered to have a Z candidate, if the invariant mass of the muons satisfy the condition: 80 GeV/c 2 < M µµ < 100 GeV/c 2 .
Now, for the estimation of Z → νν + jets background, selected events has to be corrected for following effects.
1. The acceptance criteria for the muons. This efficiency ( 1 ) can measured well using generator level information. It is determined to be 32%.
2. Isolation efficiency of the muons will be measured using a tag-and-probe method [15] for Z → µµ events. The efficiency of muons (|η| < 2.1 and p T > 20 GeV) to be isolated is estimated to be 90%. Thus the efficiency, 2 , that both muons are isolated is 81%.
3. Finally correction for Z-mass reconstruction has to be applied. The efficiency ( 3 ) of Z reconstruction is determined to be 89%
The resultant efficiency is = 1 * 2 * 3 = 23%. Hence the number of Z → νν + jets background events can be calculated using
where N is the number of Z → µµ + jets events which survived all selection criteria.
Further, the jet kinematics for Z → µµ +jets events are compared, using generator level information, with that of the jets in Z → νν + jets events. Fig. 26 and Fig. 27 show this comparison in terms of η-distribution of leading jets, ∆η jj between jets, invariant mass, and the angle between the jets in the transverse plane. Within statistical error jet-kinematics seem to match well.
The amount of E / T in the above two processes are expected to be well in agreement with each other if the muons and the neutrinos are treated equally. The left plot in Fig. 28 shows the E / T comparison in two process. Only TYPE1 correction has been applied, but there is no correction for muons (E / T in the Z → µµ event is due to muons). There is a slight mismatch at low values of E / T and one of the possible reasons could be that to take muons as completely missing (for comparison with νs) calorimetric deposition by muons should be subtracted from TYPE1 corrected E / T . The right plot of Fig. 28 displays the ∆Φ jj between tagging jets after soft VBF (∆η jj > 2.0, M jj > 400 GeV) requirements and demanding E / T in the event to be ≥ 100 GeV. In this study, precise estimation is not possible due to insufficient statistics of Z → µµ + jets sample. 
Estimation of Z → νν + jets using W → µν events
Another estimation of the Z → νν + jets backgrounds can be obtained from the W → µν sample. The following selection criteria has been used in addition to cuts used for invisible Higgs search described before.
• While selecting events at offline, veto condition on events with muons is removed.
• Events are required to have exactly one isolated muon with p T > 20 GeV.
To calculate Z → νν+jets background, following correction factors need to be taken into account:
• Correction for detector acceptance:
-Events have to be corrected for limited detector acceptance, like rapidity coverage, and also transverse momentum threshold for selection of the the reconstructed muons (|η| < 2.1 and p T > 20 GeV). It is estimated to be 48% at the generator level.
-Muon isolation efficiency will be measured from data using Z → µµ events with tag-and-probe method [15] . The isolation efficiency using MC sample is estimated to be 90%.
The total efficiency is 42% which corresponds to a correction factor of 2.38.
• The correction factor for W vs. Z events has two components: a correction for respective production crosssections and another correction due to leptonic branching ratios of W and Z. In addition, the production energy scale of W vs. Z is different due difference in masses. Further, the production rates are different due to different parton distributions which come into play to produce W vs Z. This amount to correction factor of 0.72.
The total correction factor is 1.714 to be applied to the the number of W events which survive all selection, which is 37. This the estimated number of Z → νν events is 63 ± 8, which matches very well with our cut based analysis of MC samples with a result of 64 events. The details of this method is discussed in [21] .
Estimation of W + jets event rate
The W (→ ν) + jets events mimic as signal events when the charged lepton from the W decay does not get detected e.g., when the lepton is beyond detector acceptance region or it is within the acceptance region but below the p T threshold applied. Further, the leptons of different families pose as background differently and hence different techniques have to be used for the three cases.
• For W → eν events, in addition to above effect, transition region between barrel-endcap needs to be taken care. The fake rate of electron need to be taken into account. The electron veto corresponds to no recosntructed electron above p T (e) > 10 GeV and |η| < 2.5.
• For W → µν decay the muon veto requires that there should be no isolated muon with p T > 5 GeV and |η| < 2.1.
• For W → τ ν mode, if the tau decays leptonically, the charged lepton will be quite soft and hence the probability of missing the lepton within the detector increases. In case of hadronic decays of tau the background contribution depends on tau reconstruction efficiency.
For estimating W→ µν + jets background rate, W→ µν + jets events can be used where muon is well detected. Then selected events can be corrected to get expected background events. The correction factor should include the detector acceptance efficiency and the isolation efficiency. For this calculation, the efficiency can be divided in two separate η-dependant parts: 1 for 5 GeV < p T < 20 GeV, |η| < 2.1 and 2 for p T > 20 GeV, |η| < 2.1 which can be determined as follows:
• 1 is again divided into two factors: i) due to kinematic requiremnets: a 1 (5 GeV < p T < 20 GeV, |η| < 2.1) and ii) due to the isolation condition:
a 1 can be measured using data, by extrapolating the p T (µ) distribution coming from Ws. From MC sample, using generator leevl information, this efficiency is estimated to be 8.72%. Again from MC sample, • 2 is also considered as a product of a 2 (kinematic efficiency) and b 2 (isolation efficiency). a 2 is determined to be 48% using MC sample. b 2 can be measured using tag-and-probe method for Z → µµ events [15] which is 88.29%.
Thus the combined total efficiency is 2 = 42%.
The total efficiency can thus be given as = 1 + 2 = 48%. The corresponding correction factor is 1.08. Since we have 37 W+jets events which survive after all cuts, the corrected number of expected W→ µν + jets event is 40±6. This can be compared with our result of 43±7 events of type W→ µν + jets from cut based analysis as mentioned in section 7.2. Fig. 29 displays the comparison between TYPE1 corrected E / T in W(→ µν) + jets which pose as background with that in W→ µν + jets events where the muon is well reconstructed, after VBF and E / T cut (left). Right plot shows the comparison of ∆Φ jj between the tagging jets after applying all the selection criteria. The statistics of the sample used is too small to get a smooth trend for the distribution, which will not be an issue with real data.
Estimation of QCD and tt + jets background processes
The rates of QCD and tt + jets backgrounds in the final selected sample can be estimated, simultanously, using the so-called Matrix method. This method requires two uncorrelated variables which discriminate between signal and backgrounds. The most suitable combination is found to be NV variable and dijet invariant mass (M jj ). The independence of these two variables can be checked by comparing the shape of NV variable for different M jj cut values as shown in Fig 30 and Fig 31, 
Measurement of the Efficiency for Central Jet Veto criteria for W/Z + jets backgrounds
The efficiency of the central jet veto (CJV) condition for W→ µν+jets, where the muon is not identified, can be measured with W→ µν + jets events where the muon is identified and well measured. Similarly, the CJV efficiency for Z→ νν + jets events can be estimated with Z→ µµ + jets events where the muons are identified and well measured. In all cases the leading two jets must satisfy the selection criteria of VBF and E / T ≥ 100 GeV.
To determine the CJV efficiency for W→ µν + jets events, during the offline analysis, the first condition of lepton veto is modified. The lepton veto condition for muon is removed and events with exactly one muon of p T > 20 GeV, |η| < 2.1, isolated in tracker are selected. Additionally the event must have atleast two satisfying the offline VBF conditions: pT j1,j2 > 40 GeV, η j1 × η j2 < 0, ∆η jj > 4.4, M jj > 1200 GeV.
The CJV selection requires to reject events with a third jet which satisfy:
1. E j3 T (raw) > E T (thres) 2. η jmin + 0.5 < η j3 < η jmax − 0.5 where η jmin and η jmax are the minimum and maximum pseudorapidities of two leading jets and E T (thres) = 20 GeV. The CJV efficiency calculated using this method comes out be 0.366 ± 0.02. This is in very good agreement with CJV efficiency we already obtained from our analysis of MC sample for W→ µν +jets events which comes out be 0.365 ± 0.02. Basically the hadronic activity of various W/Z + jets events are similar, the difference in final state is only due to the different leptonic decay modes of W and Z. So CJV efficiency for Z (νν) + jets process can be estimated using W→ µν +jets events where muon is well detected. The CJV efficiency calculted from W→ µν +jets events (0.366 ± 0.02) is in well agreement with CJV efficiency for Z (νν) + jets events (0.343 ± 0.189) calculated from MC analysis.
The CJV efficiency for W→ eν + jets background events can estimated by exactly same method using W→ eν + jets events where the electron is well reconstructed. The CJV efficiency for W→ τ ν +jets needs to be measured by some other technique.
Conclusion
In this note the possiblity to observe in CMS experiment the Higgs Boson in its Invisible decay mode is investigated. In this analysis Vector Boson Fusion (VBF) production mechanism for the Higgs Boson is utilised to search for it, due to its large cross-section and unique VBF jet topology. The VBF conditions and other kinematic properties are utlised to tackle backgrounds.
In this study, all the possible SM backgrounds have been taken in account. The inclusive tt + jets process has been taken into account, as background, first time and found to be non-negligible. W/Z + 2/3 jets processes have been studied with samples of sufficient statistics and found to be under control. QCD multijet events is the main worrying background processes and the generation of full statistics sample is impossible.
With fast simulation package, for the first time, a very large sample of QCD jet events, totalling 1500 Million, has been studied, in nine contiguousp t bins for value ranging from 20-1200 GeV. It is found that high energy QCD events get killed by ∆η jj cut whereas low energy QCD events are removed due to E / T and M jj selections. A rise is seen in the event selection efficiency for E / T cut below 70-100 GeVp t bins which can be attributed to one of the jets not being reconstructed within our calorimetric acceptance. These events contribute to the high values in E / T distribution. The NV variable is found to be very useful in rejecting QCD events which correspond to medium values of Q 2 . The simulated statistics is still not enough and we anticipate that hence there may be fluctuations in the number of events which survived all cuts. The scaling factors for variousp t bins are large which enhances the possibility of the QCD background being estimated only roughly. From early period on LHC data will be useful to actually estimate the rate of QCD events and various issues will be sttled. A method of estimating the contribution of QCD background from data has been studied.
It is to be noted that earlier and recently completed studies have shown that QCD background can be kept under control and the results obtained are much more optimistic. However, the conclusions are based on limited statistics.
The background estimation technique for Z → νν + jets process has been studied using Z → µµ + jets process. The estimation of Z → νν + jets background can also be done using W + jets process. The estimation technique for W→ µν + jets background has been studied and yields satisfactory result within statistical uncertainty.
The signal significance, Scp = Sc12 is calculated using the final numbers of selected samples for signal and background samples for 1 fb −1 of accumulated luminosity. It is estimated to be 0.38 for a Higgs Boson mass of 120 GeV and the significance beocmes worse for higher masses. Hence it is concluded that a higher luminosity is needed to establish the presence of an invisibly decaying Higgs Boson. For example, the upper limit of the branching ratio which can be probed with 10 fb −1 is 36% assuming that a 120 GeV Higgs boson is produced with a rate equal to that from Standard Model expectation.
